A detailed evaluation of climate conditions in a small alpine watershed, typical of much of the southern Sierra Nevada, is presented for the 1986 water year. Measurements of snowfall, meteorological and snow cover conditions, and snow cover ablation are used to characterize the climate at four locations in the watershed during that snow season. Data from these locations are then combined into two representative sites for the watershed. Measurement approaches and methodologies and the effectiveness of instrumentation used in the study are discussed, and an estimate of the uncertainty of the monitored meteorological parameters is made. The data are integrated into a continuous hourly time series of solar and thermal radiation, air, snow and soil temperature, humidity, and wind at the two representative sites in this remote alpine watershed for an entire snow season. Snow deposition and snow cover depth and density are measured manually at regular intervals throughout the snow season. While problems were encountered monitoring air and snow surface temperature, humidity, and wind, because of the extreme conditions which are likely to occur in an alpine environment, radiation is easily monitored, and the estimated uncertainty of all measured parameters was acceptably low. This effort was required to develop a high quality time series of integrated climate data to evaluate the components of the energy balance of the snow cover during both deposition and ablation conditions.
INTRODUCTION
Investigations of the snow cover energy balance and snowmelt in remote alpine watersheds require detailed monitoring of the surface climate. Snow metamorphism, melting, and runoff are controlled by the magnitude of energy available to drive these processes, and these energy fluxes are determined by the combination of local meteorological inputs of precipitation and energy. Detailed climatic observations in montane climates are limited. Most of those that do exist come from locations at lower elevations [Smith and Berg, 1982] are from nonalpine locations [Anderson, 1976] Climatic conditions and local microclimatic variation control the timing and magnitude of meltwater generation over the watershed. Snowmelt is initiated when the snow cover receives more energy than it loses over a period of time, after sufficient energy is utilized to increase the temperature of the snow cover to the melting temperature (0.0øC). Once this has been achieved, additional input of energy will cause melt. Variations in measured meteorological parameters over time can be used to indicate when and at what rate energy transfer and melt will occur. This is a complicated process requiring not only detailed meteorological data but information on the physical and thermal properties of the snow cover. Because these data are seldom available, most efforts to predict snowmelt and runoff have been based on the use of one or more easily measured meteorological parameters as an index to snowmelt. These indices can be used to develop a regression relationship to measured streamflow.
In part 1 of this paper we present a detailed discussion of our efforts to monitor climate over a remote alpine watershed to evaluate the relationship between climate, the snow cover energy balance, and the generation of snowmelt.
Climatic variables were monitored at several locations in the Emerald Lake watershed during the 1986 snow season. For these data to be used comparatively an evaluation of measurement noise and errors was made. To use them to calculate energy exchange at the snow surface over a watershed requires an understanding of the uncertainty of measured parameters at a point, which can be taken into account when extrapolating point measurements over the watershed.
Even the most common meteorological parameters are difficult to measure continuously at a remote site because both the instrumentation and recording equipment exhibit varying degrees of instability depending on environmental conditions. At a remote alpine site it is not possible to attend instrumentation at more than weekly intervals during most of the year, and during winter, safety considerations may increase this interval to several weeks. Instruments or recording systems did fail on several occasions during the 1986 snow season. Four instrument sites were maintained, so that multiple measurements of critical parameters would be made. These data have been synthesized into a continuous record of all parameters at two representative sites: the ridge and a lake site. Missing data were synthesized from a combination of the current diurnal pattern, nearby measurements of the same parameter, and manually made field measurements. Data records began on November 1, 1985, and continue for either the duration of snow cover, August 1, !986, or until September 30, 1986, depending on which was most appropriate.
The instrumentation, methodologies, and processing of the raw data required to develop a consistent time series of climate conditions over an entire snow season are discussed in detail in the following sections. Careful attention has been paid to both the precision and accuracy of this climatology, but the absolute uncertainty is not known. A number of investigators have evaluated the inherent uncertainty in investigations using similar instrumentation and recording systems [Anderson, 1976; Marks et al., 1986 ], but the absolute uncertainty cannot be known outside the laboratory.
DATA RECORDING AND INSTRUMENTATION
Meteorological data were recorded on modular, programmable field units that were lightweight (• 1 kg) and could be easily transported to a remote site. (The data recording units used in this experiment were EzLogger field recorders, manufactured by Omni Data Incorporated. Commercial names are listed for information purposes only and are neither an endorsement nor a critique by the authors.) Recording was on solid state EPROMs (erasable, programmable, read-only memory) that were stable during the variations of temperature and humidity found at an alpine site like Emerald Lake. The system had minimal power requirements, eight D cell batteries for approximately 6 weeks of operation. The field units could be programmed to convert the raw voltage output to meteorological units so that technicians could easily evaluate instrument performance in the field. Recorded data could be transferred directly to a computer, reducing, but not eliminating, data processing time.
Meteorological instrumentation had to be robust, have low power requirements, and be compatible with the datarecording system described above. All instrumentation was duplicated at least once in the watershed to insure data redundancy and to improve our understanding of parameter uncertainty and spatial variance. Table 3 presents the characteristics of the instrument types used in this study. An estimate is also made of the recorded data quality, as affected by the data-recording system, and the limitations of the type of instrument used. The "noise equivalent change" NEzX is the magnitude of parameter change required to cause a change in the recorded data. Linearity reflects instrument characteristics and is based on the precision of the function used to convert instrument voltage to parameter units.
Precision of the recorded data is estimated from the combined effects of NEzX, linearity, and instrument stability. In general, NEA should be substantially smaller than linearity, and estimated precision will be larger than linearity. NEzk is computed from the full-scale range of the recorder channel, converted to parameter units. Linearity and precision were computed for the mean parameter value during the snow season.
Measuring the snow water equivalent, or SWE, on a snow board or on the ground is fundamental to any estimate of snow deposition volume. With the use of both established SWE was initially sampled on snow boards or in snow pits using a sharpened polyviny! chloride tube. Depth of each of several samples was noted, and all samples were carefully weighed. Density and SWE were then calculated from the average depth and mass of the samples. This method showed a large variance between pairs of samples, especially when snow densities were low or when ice lenses or frozen layers were present. The method was abandoned in early winter except for snow board samples of deposition events less than 20 cm. For larger deposition events or for snow pit measurements the method used to measure SWE at a point involved use of a 1000 cm -3 density cutter designed specifically for use in the Sierra Nevada. The design and operation of this sampler and the SWE sampling strategy for the Emerald Lake study are described in detail by Elder [ 1988] and Elder et al. [1991] . Table 4 presents The surrounding slopes have low solar incidence angles during the most of the day. At the lake site, both visible and near-infrared irradiance are increased by scattering from adjacent terrain, but the near-infrared increase is larger because increase in near-infrared albedo is greater at low incidence angles than is the visible albedo. For an unobstructed site the increase in albedo at low sun angles (early morning and late afternoon) has little effect on the radiation budget because the irradiant energy at those times is small. This is not true when the albedo increase occurs during midday when solar irradiance is large. The contribution of radiation scattered from adjacent terrain at the lake site is large enough to overcome shadowing during spring when sun angles are high and most of the surrounding slopes are snow covered. times, but the much shorter sunlit period at the lake site in winter causes the integral to be smaller. In spring the difference in the illuminated periods is reduced, and the midday increase in the near-infrared at the lake site increases, so that the integral at the lake site is slightly larger.
The contribution of solar and thermal radiation to the energy balance of the snow cover during the 1986 water year at Emerald Lake will be discussed in detail in part 2 of this paper [Marks and Dozier, this issue].
AIR TEMPERATURE
The most common meteorological data collected anywhere are of air temperature. Figure 4 shows daily mean and daily maximum and minimum air temperature, from November 1985 through September 1986, at the ridge and lake sites. Ideally, these measurements should be made at a specified height above the snow surface, shielded from the effects of radiation or conduction from sources other than the atmosphere. In practice, this is seldom the case. Some radiant heating or cooling of the instrument shelter is inevitable, but in most locations this produces only a minor effect. At an alpine site, such as Emerald Lake, the atmosphere is thin (70 kPa or less), with low turbidity, and solar insolation is very high. During the day the temperature of the sensor can be higher than that of the air. On clear nights, incident thermal radiation will be small, and radiant cooling can lower the temperature of the sensor below that of the air. The best passive radiation shields available will fail under these conditions. The problem is exacerbated during the day because of the high reflectivity of the snow and surrounding terrain, causing the air temperature sensor to receive solar energy from all sides. These effects are difficult to detect in the data, as they show up only as temperature extremes. This problem is maximized when wind speeds are low and mixing of the air is small. A solution would be to mechanically aspirate the temperature sensors, but this consumes power and is not possible at most remote sites. Careful evaluation of both wind and air temperature allows us to note those times when a problem may have occurred, but we cannot know the magnitude of the measurement error without another independent measurement at the same time. Fortunately, for energy exchange calculations this problem does not cause significant errors, because at low wind speeds, turbulent energy exchanges are also minimized, as will be discussed in part 2 of this paper [Marks and Dozier, Table 5 , the ridge is cooler than the lake site and has a [arger diurnal variation. December was the coldest month at the ridge. While February was coldest at the lake, it differed l/tile from the other winter months. At both sites, April was the month when the diurnal amplitude was maximized, which is expected as this is usually the month when net energy exchange begins the transition from negative to positive. It is noteworthy that the large diurnal amplitude occurred only in April and May at the ridge site but began in March and persisted until June at the lake site.
Monthly differences between the sites indicate a large negative lapse rate in winter, decreasing in spring. By May the lapse rate appears to be inverted. The large winter lapse rate is probably caused by radiant cooling at night, and the Values are based on hourly averages calculated from (1). The capacitance-type instruments offer the best chance for continuously monitoring humidity at a remote alpine site. These sensors are also affected by radiant heating and cooling, though to a lesser degree than are air temperature sensors. More critical is the fact that most sensors are not calibrated for conditions found at dry, cold alpine sites. The sensors used, selected because of their low power requirements and relatively stable calibration, were found to be sensitive to ambient temperatures around the triple point of water (0.0øC), when frost could form on the sensor, and to temperatures lower than -15øC. Under these conditions they could produce unrealistic diurnal fluctuations in the recorded humidity data. Comparing these data to measurements made on a very accurate condensation mirror device at another instrumented site in the Sierra Nevada [ Figure 6 shows the daily mean, maximum, and minimum vapor pressure for the ridge and lake sites for the 1986 snow season. These data are from a combination of measured and estimated humidities calculated from thermal radiation, which is more easily measured than humidity. The calculation is based on the assumption that thermal emission under clear skies is a function of the vapor pressure and air temperature [Brunt, 1932; Brutsaert, 1975 ]. Marks and Dozier [1979] showed that this relationship could be used to model the topographic distribution of thermal irradiance in mountainous regions. Marks [1988] showed that if thermal radiation and air temperature are measured, we can invert the model to solve for humidity. This tends to give low vapor There is little difference between the atmospheric humidity traces at the ridge and lake sites, except during summer when the lake was ice free and relatively warm. At that time, humidity near the lake tended to be higher, with a smaller diurnal variation than at the ridge. Table 6 presents a summary of humidity for the air and the snow surface for the 1986 snow season. Average monthly values for the daily mean, maximum, and minimum are shown for both sites. Again, long-term averages have little physical meaning but can be used to show changes in time and differences between sites. It would appear that the ridge site is slightly less humid than the lake site, with a slightly smaller diurnal range. However, measurement or recording uncertainty is around 40-50 Pa, so these differences cannot be distinguished from measurement noise. These data suggest that there is no humidity difference between the sites and that vapor pressure varied little over the watershed during most of the snow season.
WIND
Wind speed was routinely monitored at Emerald Lake. Wind direction was deemed so site-specific that it was decided that the effort to adequately monitor this parameter was beyond the scope of this experiment. Wind is highly variable in both time and space and is difficult to characterize by sampling in either of these dimensions. Some averaging or integration of the measurement is required in almost all cases. A totalizing anemometer, or a count of the number of tums of the anemometer during a specified time period, is a solution to the problem of temporal sampling that was initially applied at both sites with mixed results. Initially, at the ridge site, a recording interval of 1 hour was specified because of difficult access and limited recording capabilities. The problem at the ridge site was realized in early December 1985, and the ridge data recorder was moved to a recording and sampling interval similar to that at the lake site. Also, a second wind sensor was attached to a current generator to monitor higher wind speeds. The problem with the latter was that the anemometer used was not sensitive to wind speeds below 4 m s -1 so that daily averages were often lower than those measured by the totalizing anemometer. By midwinter, however, the ridge site was regularly exceeding the maximum value of 27.0 m s -1 . Limits of both the recording and data storage media prohibited a more frequent recording of averaging intervals using the totalizing instruments. The only solution to the problem was to abandon the totalizing anemometers and replace them with more sensitive current generators which utilized frequency channels on the data recorder. The output from these channels was then sampled and averaged in a manner similar to the air temperature and humidity data. This change was implemented in early spring at both sites, providing stable wind measurement data during the melt season. Figure 8 presents the daily mean, maximum, and minimum wind speed at the ridge and lake sites for the 1986 snow season at Emerald Lake. The problems with maxima at the ridge site are clearly shown, as are other changes to the recording and averaging during the year. The maxima for the ridge site between early December and March are from the less sensitive current generating anemometer. The more sensitive current generating anemometers were installed at both sites in early March. While the absolute accuracy of these data is in question (especially prior to May 1986), it is clear that the ridge site receives more wind than does the lake site at all times of the year. These data represent the best estimate of wind speed at the two sites during the 1986 snow season. Table 7 presents a summary of wind speed at both sites. In this case, longer-term averages may be more meaningful than the shorter-term data. Early season similarities between sites are an artifact of problems with the recording and averaging intervals discussed above. During most of the rest of the year, measured wind speed at the ridge site was nearly twice that at the lake site.
Wind speed was recorded as the average of four 15-min

SNOW AND SOIL TEMPERATURES
Soil temperatures at 50 cm below the surface and temperature at the soil-snow interface were monitored at several sites in the Emerald Lake watershed. Snow temperature at 30 cm above the soil surface was monitored at the ridge site. Figure 9 presents daily averages of these data during the 1986 snow season for the lake and ridge sites. These data begin in early November 1985 when the seasonal snow cover was first established. The end of the data set is arbitrary at both sites, as the instrumentation was excavated for maintenance once the snow cover was less than a meter in thickness. This was done because differential thermal properties between copper thermistor casings and the surrounding soil caused a melt-induced cavity around the sensors, eliminating contact with the snow.
What is clear from Figure 9 is that temperature differences between the soil, the snow-soil interface, and the lower snow cover were very small during most of the 1986 snow season.
During the spring melt season these temperature gradients were essentially zero. At both the lake and ridge sites the interface temperature went to 0.0øC by late November and remained there for the duration of the snow season. Soil temperature was slightly warmer at the lake site in the early winter, but by April there was almost no difference between the sites. The warmer temperatures at the lake site were probably due to poorly drained meadow-type soils found there. The soil at the ridge site is well-drained gravel and sand and can be expected to hold little or no water. The soil temperature at the lake site becomes 0.0øC in May, when the flushing of meltwater at that temperature would be expected to dominate the soil temperature profile. This does not occur at the ridge site because better drainage would be expected to limit the effect of meltwater on the soil temperature.
Snow temperature just above the snow-soil interface was monitored only at the ridge site. By late November this temperature had stabilized to just less than -1.0øC and then slowly warmed to 0.0øC by mid-March. From that time on there was effectively no temperature gradient between the snow cover and the interface and little or no gradient between the snow cover and the soil. It is reasonable to assume that this also occurred at the lake site. Because all indications are that the lake site was slightly warmer than the ridge site during the 1986 snow season, it might be expected that the early December snow temperature at the lake site was slightly warmer than at the ridge site and the isothermal condition was reached sooner. (While isothermal technically indicates only a uniform temperature, in snow hydrology it is generally used to indicate a uniform temperature at the melting point of ice.) However, snow pit data show that snow temperatures just above the soil interface were 1-2 K colder at the lake site until late March. This effect is the result of reduced solar insolation during winter at the lake site and the insulating effects of a deep snow cover, allowing these lower temperatures to persist.
Though there are slight differences between the two sites during fall and winter, these are gone by early spring, and the sites are identical during snowmelt. This should be the case for the entire watershed. The thermal regimes of the soil and lower snow cover would be expected to be similar during melt everywhere in the watershed. Most of the difference between sites would be in the initiation of the isothermal condition.
SNOWFALL
Precipitation in the Emerald Lake Basin is principally snowfall. Typically, in the higher elevations of the Sierra Nevada, 90% of the annual precipitation falls as snow [Smith and Berg, 1982] ; in the Emerald Lake watershed during the !986 water year, nearly 98% of the total precipitation fell as Here Urea x and Umi n are the monthly average of the daily wiM speed maximum and minimum.
snow. Rates and volumes of falling snow are very difficult to evaluate from precipitation gage records because they are affected not only by wind, site characteristics, and precipitation intensity but also by variations in the density and structure of the snow crystals as they fall. There is uncertainty in all precipitation data [Israelson, 1967; Larson, 1971 Marks et al. 1988 ]. These studies clearly show that problems of wind during deposition are increased in rugged, highaltitude regions where gage placement can significantly alter gage catch. In alpine regions, volume alone will overwhelm most snow collection systems. Reynolds [1972] states that at high-altitude, high-volume snowfall sites, gage capacity must be at least 180 cm of water. The problem of keeping the gage at a fixed height above the surface or from being buried during large events is not addressed. During the 1986 snow season at Emerald Lake, 270 cm of water fell as snow, leaving serious questions about gage maintenance, antifreeze recharge, and utility if a snow collection gage had been used. In a remote alpine environment like Emerald Lake, snow collection gages cannot be relied upon for snowfall data. Instead, detailed ground measurements of snow were made, both on an event basis and at regular intervals, in snow pits.
We had planned to measure snowfall on pairs of snow boards at three sites in the Emerald Lake watershed during the 1986 snow season (inlet, pond, and ridge). Avalanche danger rendered the pond and ridge sites inaccessible immediately after storms, and a very large storm in mid-February buried all of the snow boards at all sites, so that replacements had to be used. Table 8 Snow pit data show that, in general, SWE was very similar between sites during and prior to the storm of February Table 9 shows a summary of snowfall at the lake site in the Emerald Lake watershed during the 1986 snow season. These data are a composite of snow board measurements from both the inlet and outflow sides of the lake and represent our best estimate of snow deposition volume over the watershed during the 1986 water year. Only 17 events were recorded, 9 of which were only a few centimeters of SWE in magnitude. Of the others, two (February 18-19 and March 19) account for nearly 60% of the seasoh's precipitation. The mid-February event accounted for nearly 40% of the seasoh's precipitation and was one of the largest snowfall events on record in California. This storm initiated a major avalanche cycle throughout the Sierra Nevada [Wilson, 1986] . Avalanches that occurred during or immediately following this storm in the Emerald Lake watershed buried the inlet instrument site and added enough mass to the ice on Emerald Lake to cause a displacement flood that depleted the lake of 50% or more of its liquid volume in a few hours. 
Concern
SUMMARY AND CONCLUSIONS
Detailed evaluation of meteorological and climatic parameters in an alpine watershed is required to evaluate the energy balance of the snow cover to improve estimates of the timing and magnitude of snowmelt generation. In part 1 of this paper we have presented a discussion of how radiation, temperature, humidity, wind, and precipitation were monitored at several sites in the Emerald Lake watershed, and these data were integrated into continuous time series of hourly averages for the 1986 snow season. Instrumentation was replicated at multiple sites in the watershed, each type of measurement device was evaluated for stability under the harsh alpine environmental conditions, and an estimate of NEA, instrument linearity, and recorded data precision were made for each monitored parameter. While the uncertainty of all parameters was acceptable for this investigation, air temperature, humidity, and wind were the most difficult to monitor. Near-surface temperature of the snow cover could be estimated under most circumstances, but snow surface skin temperature was difficult to estimate or measure, especially during calm conditions at night.
Radiant heating or cooling of the sensor affected air temperature measurements during calm or wind-free periods, leading to abnormally high or low readings. These had to be carefully filtered from the data using multiple instru- Wind measurement was primarily restricted by the data recording system. Most wind measurement systems are optimized for either a low-threshold environment (revolution counters or totalizers) or for a higher threshold, lower sensitivity environment. For energy balance considerations a full range of winds from light to heavy are equally important. A multiple-sensor wind army, with a variety of sensitivities and thresholds, would be ideal, but the cost of multiple systems at several sites and instrument replication would have been prohibitive. The use of the frequency generator coupled with the frequency sampling capability of the data recorder was our best solution to wind monitoring within the constraints of this experiment. By early May 1986, these instruments were in place at both the ridge and lake sites.
Snow deposition was the most difficult parameter to monitor at a remote alpine site because major deposition events increased the avalanche danger and restricted access to the watershed for extended periods. Deposition was measured on snow boards or in snow pits as soon after an event as possible. Because these measurements were restricted to one or two sites, they were not intended as an absolute indicator of average watershed deposition volumes. Though !7 deposition events were monitored during the 1986 snow season, accumulating over 2.6 m of SWE, 70% of the deposition is accounted for by just three events, and over 40% occurred during a single event (February !8-19) when just over ! m of SWE was deposited! Though there were problems, this experiment shows that it is possible to monitor climate and snow cover conditions in a remote alpine watershed. The integrated, hourly time series of meteorological parameters provides a unique data set for detailed evaluation of the snow cover energy balance, as wil! be discussed in part 2 of this paper. Ps density of a snow cover layer (kg m-3).
